Spectroscopy of myosin and actin has entered a golden age. Highresolution crystal structures of isolated actin and myosin have been used to construct detailed models for the dynamic actomyosin interactions that move muscle. Improved protein mutagenesis and expression technologies have facilitated site-directed labeling with fluorescent and spin probes. Spectroscopic instrumentation has achieved impressive advances in sensitivity and resolution. Here we highlight the contributions of site-directed spectroscopic probes to understanding the structural dynamics of myosin II and its actin complexes in solution and muscle fibers. We emphasize studies that probe directly the movements of structural elements within the myosin catalytic and light-chain domains, and changes in the dynamics of both actin and myosin due to their alternating strong and weak interactions in the ATPase cycle. A moving picture emerges in which single biochemical states produce multiple structural states, and transitions between states of order and dynamic disorder power the actomyosin engine.
Spectroscopy of myosin and actin has entered a golden age. Highresolution crystal structures of isolated actin and myosin have been used to construct detailed models for the dynamic actomyosin interactions that move muscle. Improved protein mutagenesis and expression technologies have facilitated site-directed labeling with fluorescent and spin probes. Spectroscopic instrumentation has achieved impressive advances in sensitivity and resolution. Here we highlight the contributions of site-directed spectroscopic probes to understanding the structural dynamics of myosin II and its actin complexes in solution and muscle fibers. We emphasize studies that probe directly the movements of structural elements within the myosin catalytic and light-chain domains, and changes in the dynamics of both actin and myosin due to their alternating strong and weak interactions in the ATPase cycle. A moving picture emerges in which single biochemical states produce multiple structural states, and transitions between states of order and dynamic disorder power the actomyosin engine. 
INTRODUCTION
Since this subject was last covered in an Annual Review (74) , two major advances outside the realm of spectroscopy have helped produce a renaissance in the spectroscopic study of muscle. First, high-resolution structures of the actin protomer (36) and the myosin head (58) were solved in the early 1990s (Figure 1a) , and considerable further progress has been made in crystallography, coordinated with cryo-electron microscopy, of myosin and actin (30). This greatly increased the molecular detail and plausibility of models explaining how actin and myosin transform the chemical energy from ATP hydrolysis to the mechanical work of muscle contraction. Figure 1b illustrates some of the principal hypotheses that developed from these advances. The best-characterized actin-myosin complex is the post-powerstroke rigor state, in which ADP-bound myosin binds strongly to actin at a ∼45
• angle. It was proposed that the actinbinding cleft is closed in this complex, while the ATP-binding pocket is open. This complex is short-lived, since ATP binds quickly and dissociates myosin from actin when the nucleotide pocket closes and the actin-binding cleft opens. According to this model, ATP hydrolysis induces a large rotation of the light-chain domain (LCD), acting as a lever arm. A weakly bound pre-powerstroke complex is formed, characterized by dynamic disorder. In the proposed force-generating powerstroke, the lever arm rotates, coupled to closing of the cleft, opening of the pocket, and rigid ordering of the strongly bound myosin head. Figure 1b illustrates three key areas in which crystallographic results are ambiguous. (a) In myosin crystallography, which relies on the use of nucleotide analogs to trap stable complexes that mimic intermediates in the ATPase cycle, the correlation between structural state and biochemical state (defined by the bound nucleotide analog) is not consistent (Figure 1c ) (19, 25, 28) , probably because crystal packing perturbs the distribution between structural states, compared with solution, in which multiple structural states can populate a single biochemical state (51). (b) The key structures to be determined are complexes of actin and myosin, but there are no crystal structures containing both proteins. (c) Some of the key structural transitions involve dynamically disordered states, which cannot be defined by static crystal structures (20, 38, 76, 77) . Spectroscopic methods have the potential to overcome these shortcomings and provide the means for direct testing and refining of these models.
In order for spectroscopic methods to test mechanisms in molecular detail, they must be site-directed-certain locations within the actin-myosin complex must be probed specifically. This has been made possible by a second major advance: technology for site-directed mutagenesis and expression of mutant muscle proteins, which now makes it possible to label virtually any residue by site-directed labeling (SDL). As discussed below, for myosin light chains this has been achieved in Escherichia coli (66), but it has not been achieved for skeletal muscle myosin heavy chain. Therefore, most SDL of myosin II heavy chain has been done either in Dictyostelium discoideum [starting from the native myosin gene (70) (Spodoptera frugiperda) cells [for smooth muscle myosin fragments (92) ]. Similarly, SDL of actin has been done mainly on yeast actin (39), although recent progress has been reported in expression of muscle actin in insect cells (2) . SDL usually entails first producing a "Cys-lite" version of the protein, in which all the reactive Cys have been replaced by a nonreactive amino acid. A specific Cys labeling site is then introduced by mutagenesis, followed by labeling with a Cys-reactive probe (39, 70). Alternatively, spectroscopic signals can be introduced by the use of genetically encoded probes (73, 95) or nucleotide analogs (49). All these labeling methods are applicable to actin-myosin complexes, and some can be used in active muscle fibers. SDL has allowed researchers to probe previously unexplored domains of muscle proteins, and to test and refine new models suggested by crystal structures.
In spectroscopy, there have also been significant technological advances, such as time-resolved luminescence resonance energy transfer (LRET) (43, 84, 85), single-molecule fluorescence (93) , total internal reflection fluorescence (TIRF) detection (26), time-domain electron paramagnetic resonance (EPR) (37), multifrequency EPR (51), and electrostatic potential measured by EPR (72) . These breakthroughs have allowed spectroscopy to test previously untestable molecular models of muscle structure and function. The present review surveys the recent use of spectroscopic probes to study myosin and actin structure and dynamics, focusing on site-specific probes that are applicable not only to isolated proteins in solution, but also to protein complexes and muscle fibers. To keep this review relevant to muscle, this review focuses on myosin II, the isoform found in muscle. Although primary emphasis is placed on probes of myosin, we also highlight some exciting recent probes of actin structural dynamics.
There have been recent reviews on sitedirected spin labeling (34), distance measurement by EPR (35, 71), single-molecule fluorescence (63), and resonance energy transfer (RET) (64, 68) that discuss these spectroscopic methods in greater detail than this review. There are also more detailed reviews on actomyosin dynamics (76, 94) , actomyosin interactions (87, 88) , muscle mechanics (44), and muscle regulation (23) that have focused on spectroscopic data.
LUMINESCENCE AND ELECTRON PARAMAGNETIC RESONANCE
This review focuses on optical emission (luminescence) and nitroxide EPR, because these are the only techniques that have the combination of sensitivity and resolution needed to analyze purified proteins as well as large complexes and muscle fibers. These methods are capable of measuring both probe orientation (due to anisotropic interactions of the probe with polarized light or magnetic field) and interprobe distances in the 2-10 nm range (due to dipole-dipole interactions) with high resolution, quantitate both static and dynamic disorder of these distances and angles, and detect solvent accessibility. Because these techniques differ in the type of probe used and the physical parameters observed, they are complementary. EPR has the advantage that most spin labels are smaller than most optical labels and thus usually cause smaller steric perturbations. Another advantage is that a single nitroxide probe and a single EPR spectrometer can be used to detect rotational dynamics in the nanosecond (by conventional EPR) and microsecond (by saturation transfer EPR, ST-EPR) time ranges, whereas optical spectroscopy typically requires two different probes and two different spectrometers, fluorescence and phosphorescence (74) . EPR also has superior resolution in both orientation and probe-probe distance and can thus provide more quantitative and definitive information about the presence of disorder and multiple structural states. On the other hand, because the energy of an optical photon is 10 5 times that of a microwave photon, fluorescence is much more sensitive. Whereas EPR typically requires nanomoles of probe, fluorescence can be measured even at the single-molecule level, which can remove some sources of heterogeneity within an ensemble and thus compensate for the relatively low spectroscopic resolution of fluorescence (63). When both techniques are performed at micromolar concentrations, fluorescence data can be acquired much more rapidly, even within the millisecond timescale of biochemical kinetics (47, 91) .
It is particularly in the measurement of interprobe distances that EPR and luminescence reveal their complementary natures. Conventional, continuous wave EPR is sensitive to distances from 0.8 to 2.5 nm, almost exactly complementing the range of 2 to 10 nm that is accessible to RET. The recently introduced pulsed EPR technique called DEER (doubleelectron-electron resonance) is sensitive to distances from 1.5 to 6 nm (24, 37), allowing EPR to take the place of RET in many cases. On the other hand, DEER requires frozen samples, whereas RET does not. Thus when constructing Cys mutants for labeling, it is not predictable whether EPR or luminescence will prove more useful or valid, and the wisest course usually is to do both.
MYOSIN LIGHT-CHAIN DOMAIN

Global LCD Dynamics
The lever arm hypothesis suggests that the LCD behaves as a rigid body that amplifies and transmits ATP-driven conformational changes in the myosin catalytic domain (CD) to the thick filament core (58). This hypothesis predicts a large force-generating rotation of the LCD relative to the CD (Figure 1b) , and there have been many attempts to test this model using orientation-sensitive probes by EPR or luminescence. The first direct evidence in support of this model in contracting muscle was obtained from a study in which spin-labeled regulatory light chain (RLC) was exchanged for endogenous RLC in skinned scallop muscle fibers, and then analyzed with the high orientational resolution of EPR (4). These fibers were perfused with solutions to induce the three physiological states of muscle, and revealed two populations of LCD angles that varied only in their mole fraction (Figure 2) .
In rigor (no ATP, heads strongly bound to actin), a 38
• population is predominant, with a much broader orientational distribution than observed previously for the CD (75), suggesting that there is some flexibility between the CD and LCD. In relaxation (ATP, no Ca 2+ ), 38
• and 74
• angles were equally populated, and this distribution shifted toward the 38
• angle in contraction (ATP + Ca 2+ ) by 17%. In other words, both pre-and post-powerstroke structural states are populated in both relaxation and contraction, but only 17% of the heads change orientation upon activation of muscle, consistent with the 20% of heads previously found to be strongly attached to actin in active muscle, using probes on the CD (17). This 36
• rotation is only about half that predicted from the most popular models, indicating that the actual lever arm swing in contraction is less than that suggested by crystal structures (Figure 1) . Without the high resolution of EPR, even this 36
• rotation would not be resolved, because the mean rotation between contraction and relaxation is only 3
• (Figure 2) , explaining why fluorescence polarization is insensitive to this rotation (discussed below). Transient EPR following the photolysis of caged ATP shows that this LCD rotation lags behind the initial phase of force generation (42). This observation suggests that the powerstroke has two roughly equal components-a disorder-to-order transition of the CD followed by a lever arm rotation (Figure 1) .
The quantitative resolution by EPR of the pre-and post-powerstroke structural states of myosin in active muscle (4), coupled with simultaneous measurement of muscle force, enabled analysis of the coupling between thermodynamics and structural mechanics within the muscle filament lattice (5). This work showed that inorganic phosphate decreases active isometric muscle force by decreasing the average force per strongly attached myosin head, without changing the number of strongly attached heads as classically assumed. Thus force is limited by the free energy of the weak-to-strong transition within the coupled ensemble of actomyosin interactions (6). LCD orientation was also measured from the polarized emission of a fluorescent probe on RLC (18, 31, 65). To determine accurately the orientation of the LCD, a bifunctional rhodamine dye was reacted with a series of Cys pairs engineered in a Cys-lite RLC construct (18). This labeled RLC was reconstituted into skinned rabbit muscle fibers, and fluorescence polarization was then measured as a function of physiological state. The mean tilt of the LCD changed by only a few degrees from rigor to relaxation, and the change from relaxation to contraction was not significant (18). As explained above, this result is consistent with that obtained using EPR (4), which had the necessary resolution to detect the small population of actively rotating heads. Subsequent studies employing rapid length steps did show significant LCD rotation that correlated with force, supporting the lever arm model (32). By studying several probes attached at different orientations, researchers found that both tilting and twisting of the LCD occurs upon rapid length changes in rigor (18, 32).
Fluorescence polarization was used to detect LCD orientation at the single-molecule level, with the potential of circumventing some sources of ensemble heterogeneity. In smooth muscle myosin, the RLC adopts two orientational states on actin during force generation (81), attributed to a disordered weak-binding state followed by an ordered strong-binding state, consistent with the disorder-to-order model of force generation (Figure 1b) . In a single-molecule study of labeled RLC on skeletal myosin in rigor, using bifunctional rhodamine and TIRF polarization microscopy, a more heterogeneous orientational distribution was observed for the two-headed heavy
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Probe angle -30º 120º meromyosin (HMM) than for the singleheaded S1, suggesting a flexible connection between the CD and LCD (55). Clear resolution by fluorescence of transitions between two distinct myosin head orientations on actin was finally obtained by combining time resolution, single-molecule detection, and myosin V, a processive motor in which most heads bind to actin even in the presence of ATP (27). This study resolved two interchanging orientations of the LCD (with bifunctional rhodamine attached to a calmodulin light chain) during active sliding on actin. These two LCD angles were tilted by about 42
• (Figure 3 ) (27) in remarkable agreement with the 36
• tilt resolved previously by EPR in contracting muscle ( Figure 3 ) (4). Owing to the cos 2 θ dependence of the observed signals, it is equally likely that the tilt is on the order of 70
• in both cases. The above methods measure the orientational distribution of the LCD but do not reveal whether disorder is static or dynamic. Microsecond rotational dynamics of the LCD has been measured by phosphorescence (56) and ST-EPR (61), using RLC-bound probes. Both studies showed microsecond rotational motions in relaxation, slower and more restricted motions in contraction, and much more restricted motions in rigor. Thus the LCD undergoes a disorder-to-order transition as it transitions from relaxation to contraction to rigor, as observed for the CD (9). However, the LCD is (a) less dynamic (more ordered) than the CD in relaxation and (b) more dynamic (less ordered) than the CD in rigor, adding to the evidence of a flexible linkage between the CD and LCD.
While changes in probe orientation and rotational motion dominated early work in testing the lever arm rotation model, distance measurement by RET between the CD and LCD has become more important in recent years. Initial LRET studies were limited to native labeling sites, which were not strategically placed to detect this predicted interdomain rotation (14, 52, 84, 86). Real progress required SDL. A breakthrough was achieved by fusing green and blue fluorescent proteins (GFP and BFP) to the N and C termini of D. discoideum CD (S1dC) (73) . Fluorescence resonance energy transfer (FRET) showed these fluorescence proteins move apart 15 to 18Å when ATP or a post-hydrolysis analog (ADP.AlF 4 or ADP.V) is bound, but not when ADP or a prehydrolysis analog (ATPγS) is bound, supporting the proposal that the lever arm (attached to the C terminus) rotates, producing a severely bent myosin head, only in the post-hydrolysis (pre-powerstroke) state (Figure 1b) . However, this construct did not even contain a significant portion of the lever arm, so this experiment did not provide a quantitative test of the model. RET studies discussed thus far could not match the orientational resolution of EPR, which resolved two distinct LCD states (4). Equivalent resolution with FRET was finally achieved by combining time-resolved fluorescence detection with SDL of Cys-lite myosin (Figure 4) . A labeling site, C250, was S1dC: catalytic domain of Dictyostelium discoideum myosin II FRET: fluorescence resonance energy transfer engineered in the CD of Cys-lite D. discoideum myosin II full-length S1 that was optimally placed to detect movement of the LCD (70) . FRET was measured to this site, labeled with tetramethylrhodamine (acceptor), from Oregon Green 488 (donor) on RLC (C114 or C116). Large interdomain movements were detected. Nucleotides decreased the distances between probes, indicating more acute angles, as predicted. However, time resolution revealed that, as was discovered previously with EPR in muscle fibers (4), multiple structural states were populated in a single biochemical state. Each of the rigor (A.M) and apo (M) biochemical states is populated predominantly by a single structural state, but actin perturbs the structure of apo-S1, making it even straighter. With the addition of ATP, three structural states are populated, but the major one is still post-rigor. With the addition of the post-hydrolysis analog ADP.V, the predominant state is the compact www.annualreviews.org • Spectroscopic Probes of MuscleELC: essential light chain pre-powerstroke state as predicted (19), but two other structural states are also populated, including an intermediate structure not previously observed. Thus these FRET measurements confirm some of the predictions from crystallography, but they describe a heterogeneous structural distribution in solution, even in a well-defined biochemical state, and they suggest that at least one myosin structural state has not been revealed by crystallography.
Starting from a similar Cys-lite construct of smooth muscle myosin S1, LRET from a chelated Tb 3+ donor (attached to C210, essentially the same site labeled in Reference 70) to an acceptor on RLC (85) confirmed that a post-hydrolysis nucleotide analog (in this case ADP.AlF 4 ) makes S1 more compact and found that actin makes S1.ADP slightly more compact, consistent with previous electron microscopic results.
LRET, using Tb 3+ chelates bound to singleCys RLC mutants, was used to measure distances between LCDs on the two heads of myosin in scallop muscle fibers (43) and in skeletal muscle HMM (15). In the muscle fiber study, the head-head separation was greatest in relaxation, least in rigor, and intermediate in contraction. Using four different labeling sites on RLC, it was found that the relative tilt of the two LCDs decreases by 30
• in the forcegenerating weak-to-strong transition (43). The HMM study concluded that the two heads of myosin bind to actin in rigor in a strained configuration that is distinct from that of singleheaded binding (15).
Flexibility Within the LCD
Spectroscopic measurements with probes on both essential light chain (ELC) and RLC have been compared to determine whether the LCD acts as a rigid body (lever arm). ST-EPR (8) and time-resolved phosphorescence anisotropy (TPA) (13) in myosin filaments showed that the microsecond rotational mobility of ELC is only slightly greater than that of RLC and substantially less than that of the CD. These results indicate that most of the flexibility within S1
is between the CD and LCD, not between the ELC and RLC. Similarly, RET between ELC and RLC probes showed little or no effect of nucleotides (52). These results are consistent with the proposition that the LCD acts as a semirigid lever arm.
The fluorescence polarization of bifunctional rhodamine, previously applied to the RLC as discussed above, was recently extended to the ELC in skinned rabbit psoas fibers (38). The data obtained in rigor, when combined with previous RLC data (12), could be reconciled with the nucleotide-free myosin crystal structure (Figure 5a) only by introducing both a 45
• tilt (β) and a 25
• twist (ϕ) between the ELC and RLC (Figure 5b) . In rigor, the ELC had a narrower orientational distribution than the RLC, consistent with its proximity to the rigid actin bond. In relaxation, the RLC was more ordered, consistent with its proximity to the thick filament backbone. In contraction, the ELC orientational distribution was slightly more ordered than in relaxation, consistent with previous observations of RLC orientation by fluorescence (65) and EPR (4). These results, together with the ELC/RLC probe results discussed above, indicate that the principal joint of flexibility (compliance) within the myosin head is between the CD and LCD, but there is also some flexibility within the LCD (Figure 5 ).
RLC Structure and Dynamics
Phosphorylation of S19 on RLC activates the actin-activated ATPase of smooth muscle myosin, inducing contraction. Less dramatic activation occurs in cardiac and skeletal muscle. The structural basis of this regulatory mechanism remains unknown, primarily because there is no crystal structure of the N-terminal 24 amino acids of any RLC, presumably because this segment is disordered and/or susceptible to proteolysis. This structural problem has been solved by site-directed spectroscopy. In a pioneering study, FRET was measured between probes attached to an engineered Cys at position 2 on skeletal RLC and three other sites Conventional model for the rigor acto-S1 complex (a) compared with revised structural model (b), based on fluorescence polarization data using bifunctional rhodamine. Adapted with permission from Reference 38. ELC, essential light chain; RLC, regulatory light chain.
within the LCD (66, 83). Although these results were not enough to construct a structural model, the measured distances later proved useful as constraints for modeling.
A more complete structural analysis was later achieved by site-directed spin labeling (50). Single-Cys mutagenesis was performed throughout smooth muscle RLC expressed in E. coli, and then EPR experiments were performed on spin-labeled RLC bound to intact and functional HMM to determine side chain dynamics and solvent accessibility as affected by phosphorylation at S19. A significant phosphorylation effect was only observed in the N-terminal 25 amino acids, showing that this region can properly be designated the phosphorylation domain. Cys-scanning SDL was performed on this domain, and the pattern of oxygen accessibility along the sequence was analyzed by EPR (Figure 6a) . In the absence of phosphorylation, little or no periodicity was observed, suggesting a lack of secondary structural order in this region. However, phosphorylation induced a strong helical pattern in the first 17 residues, while increasing accessibility throughout the first 24 residues. The results support a model in which this disorder-to-order transition within the phosphorylation domain results in decreased head-head interactions, activating myosin in smooth muscle (50). Molecular dynamics simulations confirmed this result and produced the first atomic-resolution structural models of the phosphorylation domain in the presence and absence of phosphorylation (20) (Figure 6b) . In these models, phosphorylation stabilizes a salt bridge between pS19 and R16, which in turn stabilizes the N-terminal helix. In silico mutation of this arginine to alanine or glutamate destabilizes this helix (21). Although the structural mechanism of communication between the phosphorylation domain and CD is not yet known, a fluorescence quenching study with acrylodan demonstrated that the phosphorylation domain is sensitive to the nucleotide state of myosin (48). Because this sensitivity depends on phosphorylation, it is likely that the more ordered form of the N-terminal helix reverses inhibitory head-head or head-tail interactions (50). Thermodynamic analysis of simulations revealed that phosphorylation of S19 in RLC is accompanied by a large, unfavorable decrease in entropy, which is offset by a slightly larger, favorable decrease in enthalpy (21). The small size of the total free energy change (6 kcal mol −1 ) helps ensure that this phosphorylation-dependent disorderto-order transition is a highly reversible regulatory switch.
MYOSIN CATALYTIC DOMAIN Nucleotide Pocket
Based on X-ray crystal structures, it has been hypothesized that the nucleotide-binding pocket closes in weak-binding states and opens in strong-binding states (Figure 1b) . FRET measurement between W512-and MANTlabeled nucleotide analogues was used to test and refine this hypothesis. When MANT-ADP is bound (strong binding), FRET efficiency is 13 ± 1.3% compared to 35.4 ± 5.5% for MANT-ATP (weak binding), corresponding to an increase of 6.7Å in probe separation, suggesting that the nucleotide pocket is more open in the strong-binding state (90) . Solvent accessibility measurements were consistent with these results. More recently, FRET was measured from an engineered W344 (upper 50-kDa domain) to MANT nucleotides (60). Again, MANT-ADP produced less FRET than MANT-ATP did, indicating that the two sites become closer in the weak (ATP) to strong (ADP) transition by 8.5Å. This provides compelling evidence of a nucleotide-dependent structural change within the upper 50-kDa domain, becoming more compact in the weak-tostrong transition.
Nucleotide spin labels have provided a direct probe of opening and closing of the nucleotide pocket. An EPR study (49) using spinlabeled nucleotides and analogues [SL-ADP (Figure 7) , SL-AMPPNP, SL-ADP·BeF 3 , or SL-ADP·AlF 4 ] showed that the spin label is restricted (Figure 7a ) in all cases when myosin is free in solution or weakly bound to actin, indicating a closed pocket, as predicted by crystal structures (Figure 1b) . However, when SL-ADP was bound to myosin, the formation of a strongly bound complex (A.M.D) with actin revealed a new spectral component implying greatly increased mobility (Figure 7a) and an open nucleotide pocket, which had been predicted (Figure 1a) but never observed. Unexpectedly, it was observed that both the open and closed structural states of the pocket are populated (Figure 7a) , indicating that there are two distinct structural states in the A.M.D biochemical state (Figure 7a) . EPR was used to measure the K eq value for this transition. The thermodynamics of this structural equilibrium was determined from a van't Hoff plot (Figure 7b) , revealing that the large positive (unfavorable) enthalpy change in the pocket-opening reaction is offset almost precisely by a favorable entropy increase (order-to-disorder transition), thus balancing the reaction.
Actin-Binding Cleft
One hypothesis to arise from the first actomyosin model (57) with support from more recent models (29, 79) is that the actin-binding cleft between the upper and lower 50-kDa domains closes upon rigor binding to actin (Figure 1b) . Several spectroscopic studies have been carried out to test this hypothesis in solution. Starting with a Trp-lite construct of the smooth myosin CD, Trp was engineered at position 425 in the actin-binding cleft (91) . Solvent exposure of W425 was decreased by actin binding and increased by ATP, with the same kinetics as pyrene-actin fluorescence, suggesting that cleft closure coincides with the weak-to-strong actomyosin transition. Subsequently, a pair of Cys residues (537 and 416), one on each side of the cleft, was introduced into a Cys-lite mutant of S1dC (16). Pyrene fluorescence increased upon ATP binding and decreased upon actin binding. Because the opposite behavior had been expected, it was suggested that the pyrene probes are too large to fit inside the closed cleft. When spin labels were attached to the same sites, and spin-spin distances were measured by both continuous wave EPR and DEER, the results were more consistent with the conventional models (22). A recent EPR study on S1dC employed five different pairs of spin-labeling sites 
Actin binding interface
Figure 8
Pairs of spin-labeled Cys residues used to probe cleft closure in S1dC (37).
( Figure 8 ) and thus provided a more comprehensive picture (37). The data were consistent with actin-induced cleft closure, but most labeling sites gave evidence of two conformations of the cleft. These two structural states (open and closed clefts) were populated in each of the biochemical states (pre-hydrolysis, posthydrolysis, and rigor), with the closed state most highly populated in rigor. Thus actin binding is not required for cleft closure, nor is actin dissociation required for cleft opening. These results suggest that the conformational distribution of the cleft in solution is more complex and dynamic than in the crystal. This conclusion is consistent with previous studies of probe dynamics and accessibility (39).
Force-Generating Region
Early spectroscopic studies of myosin showed that ATP binding enhances Trp fluorescence (82) , and there is a further enhancement upon ATP hydrolysis (3). Spectral and structural analysis of Trp residues in the CD of skeletal myosin suggested that these changes arise primarily from W510 (59) [W512 in smooth muscle (90) and W501 in D. discoideum (7)], which is located on the rigid relay loop (45), just N-terminal from the relay helix that directly links the nucleotide-binding site to the SH1-SH2 helix and the converter domain and thus to the LCD. In particular, the relay loop and helix are coupled directly to the nucleotide-binding pocket through switch 2, which responds directly to both nucleotide binding and hydrolysis, so the fluorescence of this conserved Trp has proven to be a powerful tool in the study of myosin's transient ATPase kinetics (46, 78). However, Trp fluorescence intensity does not provide well-defined structural information, as can be obtained from EPR or FRET. Crystal structures suggest that the powerstroke, a transition from bent to straight structural states (Figure 9a) , is driven by a similar bent-to-straight transition in the relay helix (Figure 9b) . The reversal of this step, the recovery stroke, should be observable in isolated myosin upon the hydrolysis of ATP or with the binding of post-hydrolysis nucleotide analogs such as ADP.V or ADP.AlF 4 . This was tested in S1dC, by measuring the distance between two probes at engineered Cys within the CD, one at the N terminus of the relay helix (C498) and another at 515 in the upper 50-kDa domain. Both DEER and FRET showed the predicted result: Addition of ATP, ADP.V, or ADP.AlF 4 decreased the interprobe distance, demonstrating that the relay helix bends during the recovery stroke. Unexpectedly, both bent (prepowerstroke) and straight (post-powerstroke) structural states (Figure 9) were populated simultaneously in a single biochemical state, trapped by a pre-hydrolysis analog (ADP.BeF 3 ). This was confirmed by transient FRET after rapid ATP addition, which showed that the bent structural state is populated before ATP is hydrolyzed. This direct structural observation is consistent with previous kinetic measurements of Trp fluorescence in S1dC (46, 47).
The SH1-SH2 helix was among the first sites labeled covalently with probes on myosin, because SH1 (Cys 707) is the most reactive Cys residue and can therefore be labeled specifically with a wide range of thiol reagents. This is a sensitive region, so most probes result in partial inhibition of ATPase activity. The mobility of an iodoacetamide spin label (IASL), attached to SH1 in rabbit skeletal myosin, is sensitive to ATP binding and hydrolysis; its EPR spectra resolve three distinct structural states of this region (reviewed in References 74 and 76). This resolution is even greater when the microwave frequency is increased by a factor of 10 from the conventional 9.4 GHz (X-band) to 94 GHz (W band). When EPR spectra at both frequencies were recorded for IASL-labeled S1, it was possible not only to resolve the three structural states, but also to define the spin label's amplitude and rate of motion in each state, giving detailed insight into the environment of the SH1-SH2 helix, which is so central to the forcegenerating function of myosin (51). Spectra obtained with a series of nucleotides permitted assignment of these structural states to crystal structures.
To extend this analysis to D. discoideum, which lacks SH1, a single-Cys mutant (T688C) was engineered to have Cys at the equivalent site (1). Spectra were identical for the two myosins in the apo and ADP-bound states, in which single (but distinct) structural states (probe mobilities) were observed. However, with bound ADP and phosphate analogs, (a) both proteins exhibit two resolved structural states (pre-powerstroke and post-powerstroke) in a single biochemical state (defined by the bound nucleotide); (b) in the two myosins, these structural states are essentially identical but are occupied to different extents as a function of the biochemical state. It is clear that myosin structural and biochemical states do not have a one-to-one correspondence, and that D. discoideum myosin II differs from muscle myosin in the coupling between biochemical and structural states. As in the case of the nucleotide spin labels, the quantitative resolution of EPR permitted the thermodynamic analysis of the powerstroke structural transition, revealing an increase in entropy (51), consistent with the hy- pothesis that the powerstroke is a disorder-toorder transition in which enthalpic and entropic changes are both large and compensatory.
Global CD Dynamics
Cross-linking Cys 707 (SH1) and Cys 697 (SH2) in the CD of myosin weakens the actinmyosin bond, producing a biochemical state with properties expected for the post-hydrolysis complex A.M.ADP.P (reviewed in Reference 77). When these two thiols were cross-linked with a bifunctional spin label (BSL), this weakbinding state was trapped and the spin label was completely immobilized (Figure 10) EPR spectra of myosin S1 labeled with a bifunctional methanethiosulfonate spin label (BSL), which is strongly immobilized, compared with the monofunctional methanethiosulfonate spin label (MTSSL), which undergoes almost complete nanosecond rotational mobility (77) .
BSL-S1 on oriented actin showed that the CD is partially disordered, as previously observed for ATP-induced weak binding. However, ST-EPR showed that this disorder is slow on the microsecond timescale, as previously observed for strong-binding states, suggesting that the trapped state is a missing link between weak and strong binding.
Results on myosin-bound spectroscopic probes, discussed above, were used to construct the model in Figure 11 , showing that force and actin movement are generated in two steps, first a disorder-to-order transition in the CD and then rotation of the LCD (77) . Of course, these and other transitions in Figure 11 are probably not strictly sequential, since in several biochemical states evidence is described above for a structural equilibrium among structural states.
ACTIN DYNAMICS
Spectroscopy has shown that the changes in structural dynamics caused by the formation of the actin-myosin complex and the weak-tostrong transition are not limited to myosin. Indeed, one of the most widely exploited muscle probes is pyrene iodoacetamide attached to Updated model for the coupling of actomyosin ATP hydrolysis to force and movement, summarizing key results discussed in this review. Only actin-bound states are shown. Red and green signify weak (pre-force) and strong (force-generating) complexes, curved arrows signify orientational disorder, and upward steps indicate stages in the cycle where force and movement are likely to be imparted to actin. A, actin; M, myosin; T, ATP; D, ADP; P, inorganic phosphate. Text under each state indicates distinguishing properties of the catalytic domain (77) . Prime symbol ( ) indicates a second structural state corresponding to the same biochemical state (defined by the active-site ligand). Although these primed and unprimed states are shown in a sequence, they are presumably interconverting in solution or muscle fibers.
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C374 on actin, which is strongly quenched by strong, but not weak, myosin binding (40). Previous spectroscopic studies have shown that the unbound actin filament exhibits intermonomer torsional and bending motion, as well as internal dynamics within the actin monomer (reviewed in Reference 76). Both optical (mainly TPA) and EPR (mainly ST-EPR) experiments showed that strong myosin binding constrains the dynamics of the actin filament at substoichiometric levels, indicating that the effects are propagated cooperatively along the filament. These observations suggest that as myosin isomerizes from the weak to strong binding state, in a disorder-to-order transition, the actin filament also undergoes a transition from dynamic disorder to order. There is a correlation between inhibited actomyosin interactions due to actin modification (e.g., covalent modification, isoform differences, or mutation) and alterations in actin filament structural dynamics (76) .
How does actin structural dynamics change in the transition between weak and strong binding? This was analyzed by performing TPA experiments in the absence and presence of saturating ATP, in the brief steady state before ATP is depleted (54). In the absence of ATP, the final anisotropy rises nonlinearly with myosin binding, indicating that each myosin cooperatively restricts the dynamics of about three actin protomers (Figure 12a) . At saturation, weakly bound myosin has almost as much effect as strongly bound myosin, but a much smaller effect is seen at lower binding levels. Strikingly, the dependence is precisely linear-the cooperativity is completely lost. Thus (a) actin undergoes a partial ordering transition upon weak binding and a more profound one upon strong binding (Figure 12b) , and (b) in the weak-to-strong transition both myosin and actin undergo disorder-to-order transitions. The functional significance of this finding was recently underscored by the finding that oxidative stress inhibits muscle contraction by perturbing actin dynamics in the weak complex but not in the strong complex, Further support for actin's active role in the actomyosin interaction came from a singlemolecule FRET study, which measured structural changes within the actin protomer, using rhodamine on N41 as donor and IC5 on C374 as acceptor (41). Actin switches between two states, defined by low-and high-FRET efficiencies, on a timescale of seconds. Active interaction with myosin favors the high-FRET conformation, but cross-linked actin (which does not interact actively with myosin) favors the low-FRET conformation.
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Recent studies have probed actin's structural response to myosin in skinned muscle fibers. Actin was labeled with either rhodaminephalloidin or Alexa-ATP, and polarization showed a myosin-dependent biphasic response to an ATP pulse (from photolysis of caged ATP), indicating that actin rotates during contraction (10). A similar approach was used to detect orientational signals simultaneously from actin (labeled on phalloidin), myosin (labeled on RLC), and Alexa-ADP (bound to the active site of myosin) (69) . Following caged ATP photolysis, the initial phases of RLC rotation (presumably due to cross-bridge detachment), actin rotation, and ADP release (which is presumably simultaneous with ATP binding) were essentially simultaneous, consistent with the model that actin is responding to ATP-induced dissociation of myosin. Another study measured the effects of weak and strong myosin binding on the orientation and dynamics of actin in muscle (11). Actin monomers were labeled either in the nucleotide-binding pocket or on one of five actin residues and then incorporated into muscle fibers. Strongly and weakly bound myosin produced opposite effects on probe orientation, confirming similar conclusions from solution studies (54) (Figure 12 ) and indicating that actin is an active participant in muscle contraction.
ACTOMYOSIN INTERFACE
There are no high-resolution structures of actin-myosin cocrystals; however, several models have been constructed for these complexes by docking crystal structures into electron microscopy images (29, 57, 67, 80). Although these actomyosin structural models are only for the strongly bound complexes and they do not include dynamics of the interaction, they provide a testable hypothesis for spectroscopic measurements in solution.
Before the development of SDL, spectroscopic studies on the actomyosin complex were limited to placing probes on residues located outside of the proposed interface (reviewed in Reference 76) . A recent study used yeast actin and D. discoideum myosin to introduce single Cys mutations into four labeling sites located in the proposed weak-binding and strong-binding interfaces of each protein, and both fluorescent and spin labels were attached to each (Figure 13) (39) . While formation of the rigor complex resulted in decreased probe mobility at all four sites, both myosin sites and one of the actin sites showed remarkably high probe mobility even after complex formation. Complex formation decreased solvent accessibility for both actin-bound probes but increased it for the myosin-bound probes. These results are not consistent with a simple model in which there are discrete weak and strong interfaces with only the strong interface forming under strong-binding conditions, nor are they consistent with a model in which surface residues become rigid and inaccessible upon complex formation. In fact, the actin-myosin interface remains dynamic, especially on the surface of myosin, even under rigor binding conditions.
RET has been used to measure distances between labels on actin and myosin, with the objective of testing models for the actin-myosin complex. In a study on smooth muscle myosin, two distances within the rigor complex were consistent with most models, but no effect of ADP was observed, indicating that the known effect of ADP on the LCD orientation of actinbound smooth muscle S1 is not detectable with the chosen probe in the CD (89) . Further studies of this kind, with several pairs of probes in well-defined sites, coupled with computational analysis incorporating data from crystallography, electron microscopy, and FRET or DEER, are needed to provide more rigorous tests of actin-myosin complex structures (62).
CONCLUSIONS AND PERSPECTIVES
Structural dynamics, disorder, and conformational heterogeneity are essential features of the actomyosin machine, especially involving myosin II, which is a low-duty-cycle motor. Therefore, crystal structures serve as the building blocks (models for structural states) that the spectroscopist uses to determine the actual mechanisms (i.e., the coupling between biochemical and structural states in solution and in muscle). EPR and luminescence have the required properties-sensitivity and resolutionto lead this effort, and the two approaches are complementary. Spectroscopic resolution, in both frequency and time, has allowed these methods to demonstrate that a single biochemical state of myosin or actin is populated by two or more structural states. Recent results show that both myosin and actin undergo coupled weak-to-strong (disorder-to-order) transitions that are crucial to muscle contraction and regulation. Future advances will continue to depend on advances in SDL, computational simulation, and spectroscopic instrumentation, correlating structural changes in multiple domains with functional measurements of force, movement, and biochemical kinetics. These advances will lead to more direct tests of complex molecular models, connecting the separate parts of actomyosin in space and time, and defining which of these relationships and events are most crucial for the function of muscle contraction.
SUMMARY POINTS
1. The discovery of high-resolution structures for myosin and actin along with the development of expression systems for these proteins has helped to produce a renaissance in the spectroscopic study of muscle. Crystal structures are the building blocks (structural states) that the spectroscopist uses to determine the actual mechanisms (i.e., the coupling between biochemical and structural states).
2. Unlike crystallography, spectroscopy can resolve structural features of (a) proteins and protein complexes that are not crystallizable and (b) partially disordered regions of proteins.
3. EPR and luminescence are complementary methods and are most effectively used in tandem.
4. Although luminescence (fluorescence) is much more sensitive, EPR has smaller probes and more intrinsic resolution.
5. The weak-to-strong transition in myosin, which generates force on actin, occurs in at least two structural steps, first a dynamic disorder-to-order transition of the catalytic domain and then a tilting of the LCD.
6. Spectroscopic resolution-in both frequency and time-allows both EPR and fluorescence to show that a single biochemical state of myosin or actin is populated by two or more structural states.
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7. Quantitation of structural states' populations gives insight into thermodynamics as well as structure.
8. Myosin and actin both undergo coupled weak-to-strong (disorder-to-order) transitions that are crucial to muscle contraction and its regulation. Dynamics and disorder are critical aspects of myosin and actin structure and function.
FUTURE ISSUES
1. To assess the relationships of actomyosin dynamics to biochemical kinetics, site-directed spectroscopy should be measured in the transient phase of the ATPase reaction. This will require further development of transient spectroscopic methods.
2. To assess the coordination among structural elements of the actomyosin machine, simultaneous spectroscopic measurements should be made with probes on two or more sites.
3. To assess the functional relevance of detected structural changes within actomyosin, spectroscopic measurements should be done in the presence and absence of known functional mutations.
4. This field will continue to be driven by advancements in technology: multifrequency EPR, high-throughput time-resolved spectroscopy, single-molecule detection of fluorescence, and solid-state NMR.
5. Because myosin II is a low-duty-cycle motor, insight into its most important structural transition-the transition from weak binding (dynamic disorder) to strong binding (order)-requires more measurements capable of resolving weak (brief) interactions and dynamic disorder.
6. The recent development of in vivo labeling techniques is likely to have a profound impact on this field in the next decade.
7. An increasing number of spectroscopic studies will continue to be done in relationship to muscle disorders. This will depend to some extent on biological technology (e.g., generation of transgenic animals and expression systems) and spectroscopic developments that increase sensitivity for studying small and unstable samples.
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